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Abstract 
Adhesive joints are designed to transfer load in shear since both the fracture energy and the fracture stress are larger in shear than 
in peel. Shear deformation is isochoric, however, the fracture process involves nucleation and growth of a multitude of slanted 
microcracks. In order to grow, these microcracks open up. Thus, adhesive layers show a tendency to deform in peel during shear 
fracture. This opening is localized to the fracture process zone and the adherends have to separate locally over the process zone to 
allow for the adhesive to swell. Depending on the stiffness of the adherends, the opening mode is more or less prohibited. With 
stiffer adherends, the opening is obstructed more efficiently than with softer adherends. Micromechanical studies indicate that the 
constraints of the peel deformation during shear loading have a profound influence on the strength of the joint. In the present 
study, we compress the process zone during experiments. Repeated experiments with ENF-specimens are performed. A 
compressive force is applied on the first part of the adhesive layer by use of a pneumatic cylinder. The experiments are evaluated 
using the path independent J-integral. Together with measurements of the shear and peel deformation of the adhesive layer at the 
start of the layer, the complete shear stress vs shear deformation relations are evaluated. It is shown that the inhibited peel 
deformation gives a substantial increase of the fracture energy. 
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1. Introduction 
Shear loading is advocated in the design of adhesive joints. The reason is that adhesives are known to be much 
stronger in shear than in peel loading. However, there is still a lack of standardized methods to measure the shear 
properties of adhesive joints, cf. e.g. Stigh et al. (2013) for a discussion on some of the background to the problems 
we stand before in developing such methods. The present paper reports an experimental study of the effects of 
constraining swelling of the adhesive layer in nominally pure shear loading. Swelling occurs during the final stages 
of the fracture process in shear due to an expansion of slanted microcracks that nucleate, grow and coalesce to form 
a macroscopic crack. Figure 1 shows a typical sequence of events in a 0.3 mm thick epoxy layer. The macroscopic 
crack grows from left to right in the figure. At about 90 % engineering shear strain, corresponding to a shear 
deformation of v = 280 Pm, a number of slanted sub-millimeter sized cracks are visible. Already at this stage, a 
vertical deformation, w, is detectable. It should be stressed that the layer still holds a substantial shear stress at this 
stage, cf. Stigh et al. (2013). The swelling is substantial at the final stage at about 150 % engineering shear strain (v 
= 470 Pm). 
 
v = 200 μm 
v = 280 μm 
v = 470 μm 
Fig. 1. Swelling of an adhesive layer, i.e. expansion in the vertical direction, w, accompanied with shear deformation v. Teflon insert at the start 
of the adhesive layer at the right part of the layer. The layer appears somewhat thicker than the nominal 0.3 mm due to grading of the adherends. 
On a structural length scale, the deformation of an adhesive layer is characterized by the peel, w, and shear, v, 
deformation. Work conjugated stress measures are the peel, V, and shear, W, stresses, cf. Fig. 2. Provided a strain 
energy potential, W, can be associated with these measures, the path independent J-integral can be evaluated using 
any integration path, C, encircling the adhesive layer. This yields, 
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where T and u denote the traction and displacement vectors, respectively; n is the outward unit normal vector to C. 
Index i = x,y and repeated index indicates summation.  
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Fig. 2. Integration path at start of adhesive layer with thickness t and structural stress and deformation measures. 
If J, w and v are measured during an experiment, the corresponding stresses are evaluated from Eq. (1) as 
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The differentiation results in the complete stress vs deformation relations for the adhesive layer; these are denoted 
cohesive laws in the sequel. These relations appear to a good approximation to be a characteristic of the adhesive 
layer. That is, they do not appear to depend on the properties of the joined metals. They do, however, depend on the 
thickness of the layer, the strain rate, and the temperature, cf. e.g. Carlberger and Stigh (2010), Carlberger et al. 
(2009) and Walander et al. (2013). Using the End Notched Flexure (ENF) specimen, cf. Fig. 3, and using an 
alternative integration path, the J-integral is evaluated according to 
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where E, b, and h denote Young’s modulus, the width and height of the adherends; the adhesive layer starts at the 
distance a from the left support. The theory is fully developed by Alfredsson (2004).  
 
Fig. 3. ENF-specimen with compressive load P and exaggerated deformation. 
A careful evaluation of the contributions of the compressive force P reveals that it does not contribute to Eq. (3) as 
long as the upper and lower adherends rotate equally. Equation (3) is based on the assumption that the adherends 
remain linearly elastic during the experiments. This sets a requirement on the thickness of the adherends. 
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Furthermore, it is required that the distance between the loading point and the start of the adhesive layer is large 
enough to secure that certain omitted terms in Eq. (3) are small enough, cf. Leffler et al. (2007). A too short crack 
results in unstable crack growth (Alfredsson and Stigh, 2012). These requirements result in a substantial size of the 
test specimen. 
2. Experimental study 
Figure 4 shows the experimental set-up. An Instron 8802 load frame is used to provide the vertical force F. A 
pneumatic cylinder applies the compressive force P. LVDTs are used to measure the peel and shear deformation at 
the start of the adhesive layer. Five sets of compressive loads are used: P = 0, 1.25, 2.5, 3.75, and 5.0 [kN]. For each 
set, four to six repeated experiments are performed.  
 
 
Fig. 4. Experimental set-up. Crack at the far-end. Force F from the servo hydraulic test machine is indicated. Compressive force P is applied by 
the pneumatic cylinder connected with the red tube. 
The adhesive is a rubber based structural adhesive DowBetamate-5096 and the adherends are made of tool steel 
Uddeholm Rigor. The specimens are prepared according to the instructions of the manufacturer. After cleaning the 
adherends, the adhesive is applied. Distance material provides the specified layer thickness 0.3 mm. The adhesive is 
cured at 180qC for 30 minutes. After curing, the thickness of the layer is measured to 0.32±0.04 mm, where the ± 
sign indicates one standard deviation. The nominal dimensions of the specimens are given by L = 1 m, h = 16 mm, 
and b = 32 mm, cf. Fig. 2. Loading is applied centrally and the compressive force P is applied c = 15 mm from the 
start of the adhesive layer.  
A total of 25 experiments are evaluated according to Eqs (2) and (3). The geometry of each specimen is measured 
individually. The maximum value of J is identified as the fracture energy Jc; the maximum shear stress is denoted Wmax. The results are summarized in Table 1. 
     Table 1. Experimental results. 
P [kN] Jc [kN/m] Wmax [MPa] 
0 1.96±0.28 16.3±1.3 
1.25 2.12±0.32 17.1±2.1 
2.5 2.51±0.32 18.1±1.2 
3.75 2.59±0.32 17.6±1.7 
5.0 3.07±0.16 20.1±1.2 
F 
P 
P 
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The results indicate that the maximum shear stress is only marginally affected by the compressive force. 
However, the fracture energy increases with about 50 % with the increase in compressive force. Figure 5 shows the 
recorded loading history of w vs v during the experiments. As is anticipated, increasing compressive force decreases 
the peel deformation from about w = 0.15 mm with P = 0 kN to about w = 0.02 mm with P = 5 kN. 
 
Fig. 5. Peel, w, vs. shear, v, deformation during ENF-experiments with different levels of compressive force P. 
Complete shear stress vs shear deformation results are shown in Fig. 6. A typical relation consists of a linear part 
ending at about 10 MPa followed by an hardening phase ending at the maximum stress of about 17 MPa. After this, 
the stress decreases and fracture occurs at v ≈ 0.2 mm (P = 0 kN) to about 0.25 mm (P = 5 kN). The graphs show 
that the major influence of the compressive force is to move the points of maximum stress and fracture to higher 
values of shear deformation. 
 
Fig. 6. Shear stress W vs. shear deformation v at the different levels of compressive force P. 
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3. Discussion 
Shear loading of adhesive layers results in a swelling of the process zone. This results in a local separation of the 
adherends over the process zone and a compressive loading of the zone. Since the swelling occurs close to final 
fracture of the adhesive, the separation of the adherends is confined to the process zone and the adherends have to 
bend to allow for the separation. This means that stiffer adherends limits the swelling. As shown here, limiting the 
swelling results in an increase in the fracture energy. Although the swelling is not completely limited with the 
largest compressive load and the swelling is not completely free without the load, the fracture energy increases with 
about 50 %. A similar influence can be anticipated with adherends of different stiffness or for the case where local 
mechanical joints limiting the swelling are used together with adhesives, i.e. with hybrid joints. 
Swelling is normally not modeled in the cohesive laws used for the analysis of the strength of adhesive joints. A 
recent exception is given by Sørensen and Goutianos (2013). Here, the model is developed for delamination of 
composites where a similar phenomenon is observed. 
4. Conclusions 
The experimental study shows that by constraining the observed swelling of an adhesive layer can result in 
substantial increases of the fracture energy. It is argued that constraints are always present in the experimental 
evaluation of the strength of adhesive layers in shear. That is, the experimentally evaluated properties in shear can 
be expected to always depend on the stiffness of the joined materials. 
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